In this study, a Sliding Mode (SM) methodology combined with a robust H∞ control scheme (SM-H∞) was proposed to control the stator active and reactive power generated by the Doubly Fed Induction Generator (DFIG). The purpose of the proposed controller is to improve the DFIG stator active and reactive power tracking performances by reducing chattering phenomena under variable wind speed, which provides major drawbacks of conventional SM controllers. The H∞ technique was used to define the SM attractive control part, which helps to reduce chattering phenomena and improves robustness in the presence of parameter variations and wind speed changing. The DFIG stator was directly connected to the grid and, its rotor was linked to the grid through a back-to-back converter. The proposed approach was tested using Matlab/Simulink and a comparison with the conventional SM and the SM fuzzy logic controllers was carried out. The results of simulation illustrated an effectiveness of the proposed SM-H∞ controller even in the presence of the DFIG parameter variations and speed changing compared with the other techniques.
Introduction
The use of electric power generation as a renewable energy resources is becoming one of the ideal solutions used to resolve energy crises, environment pollution, and global warming [1] . Among different types of renewable energy resources, wind energy is one of the most used methods for power generation due to its economic benefits, and usefulness for power systems in diverse areas [2] . Recently, wind power generations have more attention for both industrial and academic researchers for improving performances of Wind Energy Conversion Systems (WECS) [3] .
Doubly Fed Induction Generators (DFIGs) are widely used for variable speed wind system due to its benefits, such as the reduction of power converter size, possibility of stator active and reactive power control independently, and decoupling between mechanical speed and grid frequency [4] . The most known electric configuration for the DFIG based Wind Turbine (WT) is when the DFIG stator is linked directly to the grid, its rotor is connected to the grid via back-to-back power converter [5] ; this configuration ensures the energy generation at nominal grid voltage and frequency values independently of mechanical speed changes [6] .
In the context of DFIG control, various control techniques have been developed for Variable Speed Wind Turbine (VSWT) based on DFIG. The most popular one was named decoupled Proportional-Integral (PI) controller [7] , where the Field Oriented Control (FOC) combined with the PI controller was used to regulate the stator active and reactive power [4, 8] . However, this controller is not robust and highly depends on the DFIG parameters, which affects electrical power generation quality [9] .
In the last years, Sliding Mode (SM) control has been extensively tested due to its implementation simplicity and robustness respecting of some classes of system uncertainties and external disturbances, which can affect the trajectories tracking of the controlled systems [10, 11] . Different studies have been published for the DFIG control scheme using the SM control. In [12] , a conventional SM control was used to regulate the DFIG stator active and reactive power, where the proposed controller was compared with the PI-FOC and the Reference Signal Tracking (RST) controllers, the SM controller in this work shows a high performances compared with the PI and the RST controllers, but it does not treat the SM chattering problem caused by attractive control part [13, 14] , these chattering phenomena my leads to an instability of system [15] .
Furthermore, previous studies were carried out to improve the SM technique drawbacks and reduce chattering phenomena effects, the development of robust controller is very important. The fuzzy logic control is one of the important branches of artificial intelligence strategies that is able to reproduce human reasoning and occupies a large place in modern research fields [16] . This technique becomes very dominant in several industrial fields. The integration neuro-fuzzy is also an interesting and present a strong solution to ensure optimal regulation that meets the requirements of the user even in a difficult and variable environment [16, 17] .
Melin and Castillo in [18] have proposed to hybrid neuro with fuzzy logic for controlling the battery charging process. For the combination of SM, author in [19] and in [20] proposed a SM controller combined with fuzzy logic technique, which was applied to control the variable speed WECS based on a DFIG; this study leads to reduce the SM chattering phenomena; however, the obtain results mentioned that a significant ripples are still observed on the controlled dynamics. In another study in [11] , where a SM fuzzy logic controller was used to control the stator powers generated by a DFIG; the simulation results mentioned that the response time is significantly reduced compared with the convectional controllers with limitation of disturbances effects. However, chattering is still observed on the stator active and reactive power dynamics. In [21] , an H∞ controller is proposed to control the DFIG active and reactive power, the obtained results illustrated that the proposed H∞ controller improves tracking performances compared with the decoupled PI controller. Previous research has established that the role of the robust H∞ controller designed for the DFIG to improve quality of generated power by reducing the stator currents harmonics [22] .
This study proposed the SM-H∞ controller for the DFIG stator active and reactive power. The proposed controller leads to reduce chattering phenomena presented in conventional SM controllers caused by attractive control part. To reach this objective, the H∞ was used to define the attractive control part of the SM control methodology. This modified SM control algorithm (SM-H∞) was considered as the main contribution of this research. The simulation results illustrated the effectiveness of the proposed controller for chattering reduction in comparisons with the conventional SM and the SM fuzzy logic controllers. In addition, the proposed control algorithm reached an adequate tracking performances in presence of parameter variations and wind speed changes.
Wind power system model
The selected wind power system is based on a DFIG. As known, the wind system is composed of two parts: mechanical and electrical. The mechanical part is the aero-generator used to extract power from wind. Moreover, the electrical part is composed of DC-link and DFIG then used to converter the generated mechanical power to electrical energy. stator is directly linked to grid, whereas the rotor is connected to grid through a back-to-back converter controlled by Pulse Width Modulation (PWM) [6] . This back-to-back converter is composed of two voltage sources converters which are: the Rotor Side Converter (RSC) and the Grid Side Converter (GSC) [23, 11] .
In this study, the DFIG active and reactive power are controlled via the RSC controller, while the GSC controller was not included and the DC voltage at the output of the DC link was considered as a constant. In order to establish the RSC controller, the SM-H∞ controller was suggested as a controller to improve the DFIG control performances and reduce chattering phenomena presented in the conventional SM controllers [11] .
DFIG modelling
The DFIG model in d − q reference frame was given by Eq. (1) [24, 25] : 
The flux linkage equation is: 
Where s l and r l are the stator and the rotor inductances 
The active ( s P ) and reactive ( s Q ) stator power are [24, 25] : 
DFIG Field Oriented Control
From Eq. (3) and Eq. (4), a high coupling between the stator and the rotor components was presented, which influenced the role of DFIG control to be particularly difficult. In order to ensure the decoupling between control axes, a Field Oriented Control (FOC) technique was applied [23, 24] by aligning the stator flux s ϕ with the direct axis d − − , as shown in Fig. 2 , then [26, 27] : 
Thus, the electromagnetic torque becomes [11, 19] :
and the stator active and reactive power were expressed by Eq. (7) [11, 19] : 
The DFIG control stator powers is achieved through the control of the DFIG rotor currents. For that, a relationship between the rotor currents and the rotor voltages was established by Eq. (8) [13, 14] : 8) to ensure an independent control for the stator active and reactive powers.
DFIG proposed control strategy
Recently, there has been an increasing interest in the use of DFIG Sliding Mode control due to its robustness to the parameter of variations and disturbances under matching condition [28, 29] .
The SM controller was designed to force the controlled dynamics towards sliding surface and keeps it there [30] . In order to force the DFIG stator active and reactive power to track their corresponding references, the sliding surfaces are selected to equal the error between the desired dynamics and real ones by Eq. 
The sliding surface derivative was calculated by substituting the active and reactive power expressions of Eq. (7) in Eq. (9) by Eq. (10) [11, 19] :
Using the current expressions qr i and dr i obtained from the voltage qr v and dr v of Eq. (8) in Eq. (10) we obtain [11] : 
The equivalent control is obtained by using the following condition [31] :
Then, the expression of the equivalent control is calculated as: To define n qr v and n dr v controls which are considered as an attractive control part of the SM controller, it is often selected as a relay shape defined as [14, 19] : 
The P K and Q K should be positive gains [29, 31] . Considering the nature of attractive control part, chattering phenomena was produced and can destabilize the plant.
Sliding Mode H∞ controller
The attractive control part of the SM algorithm causes chattering phenomena. In order to avoid this drawback, H∞ was proposed to design an attractive control part. For that, the SM control law was defined by including H∞ technique by Eq. (17): 
The suggested control scheme is a hybrid control including the SM control and robust H∞ control, where the switching controller term, K sign S P P ( ) ( ) and
K sign S Q Q ( ) ( ) are defined by using the H∞ control technique. Fig. 4 explains the SM-H∞ control structure. Robust H∞ control issue has been examined widely in recent years [32, 33] . It is an important solution for system disturbances and uncertainties [34] .
The main problem of the H∞ control technique is to find the controller function ( ) K s , which internally stabilizing the controlled dynamics closed-loop, and minimizing the H∞ norm of the transfer function as depicted in Fig. 4 , which express the relation between input and output [22, 35] :
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With γ is a positive constant value named optimization level.
( ) S s is the sensitivity function calculated as S s G s K s ( ) = + ( ) ( ) 1 1 [21, 22] .
The standard configuration of the H∞ controller ( ) K s represented by a multi-variable model with two inputs and two outputs, the plant ( ) G s and the uncertainties n W is illustrated in Fig. 5 [36, 37] .
Where ( ) z t is the criterion H∞ input vector, ( ) y t is the measured output vector, ( ) u t is the control input vector, and ( ) n W s is the exogenous input vector [35] . Fig. 6 shows the whole control system based on SM-H∞ controller where the proposed control scheme was augmented by the weighting function [38, 39] .
For the SM-H∞ controller, where H∞ technique is selected to compose an attractive control part, two feedback controls loops are designed; the first one is used to regulate the stator active power and the second one is utilized for adjusting the stator reactive power. The nominal system ( ) G s is augmented with weighting transfer functions W s 1 ( ) , W s 2 ( ) and W s 3 ( ) penalizing the error signals, the control signals, and output signals respectively.
The robustness improvement of the H∞ control is mainly based on the correct selection of the proper weighting functions as a poor selection weights definitely leads to inappropriate system performances.
Weighting functions selection
In order to define sensitivity the function ( ) S s using weighting function ( ) 1 W s , the following condition should be required: to ensure an adequate selection of weighting function W s 1 ( ) . The parameter ε is selected to be a low value at base frequencies and s M is fixed at maximum limit value in high frequencies of the sensitivity function ( ) S s of response frequency as illustrated in Fig. 7 .
To determine the function K s S s ( ) ( ) , weighting function W s 2 ( ) is used and the following condition should be required [36, 38] :
Where Fig. 8 .
The function S s G s ( ) ( ) depends on the two filters W s 1 ( ) and W s 3 ( ) . To ensure the stability of the controlled system, the following condition was considered [21, 35] :
In general case, it is sufficient to fixed W s 3 ( ) as a constant, which permits to adjust the behavior of S s G s ( ) ( ) in low and medium frequencies, and prove the correct behavior in presence of disturbances [36, 38] . Fig. 9 
Simulation results
The proposed SM-H∞ controller as applied for the DFIG stator active and reactive power has been implemented using Matlab/Simulink 1 . In addition, a comparison study between the proposed controller with the SM conventional and the SM fuzzy logic controllers was carried out into account in terms of trajectory tracking (reactive and active power), chattering phenomena reduction, wind speed changing and robustness to DFIG parameter variations (parameters of Wind Turbine and DFIG are given in Table 1 and Table 2 ). Fig. 10 presents the selected wind profile as applied to the Wind Turbine; the wind speed changes between 9.5 m/s and 11.5 m/s. The DFIG rotor mechanical speed was displayed in Fig. 11 where a time-varying mechanical speed was applied to the DFIG, which improve the analyze of the impact of WT speed variations on the stator active and reactive power.
The generated active power measured by the DFIG stator and controlled by the proposed SM-H∞ (red) as well as the conventional SM (blue), and the SM fuzzy logic (green) controllers was depicted in Fig. 12 . The active power desired by dynamics (black) was selected as a time-varying trajectory in order to examine the proposed controller performances in presence of reference variations. Fig. 13 offers the behavior of the stator reactive power controlled by the proposed SM-H∞ (red), the conventional SM (blue), and the SM fuzzy logic (green) controllers where its desired value (black) was maintained null in order to obtain the stator power factor at unit value. Fig. 14 (a) and (b) shows the DFIG electromagnetic torque behavior and stator current. Simulation results show the effectiveness of the proposed controller to track the time-varying active power for desired reference and maintain constant the stator reactive power. In addition, chattering phenomena is largely reduced by the proposed SM-H∞ compared with the other controller (convectional SM and SM fuzzy logic), which helps to avoid major drawbacks of the SM control algorithm. It's also ensure the stability of the controlled dynamics, and improve control scheme performances. Moreover, the proposed SM-H∞ ensures high decoupling between the control d q − axes compared with the other controllers.
As a result, the proposed SM-H∞ controller illustrated an adequate tracking performances even in the presence of reference variations and speed changing. In addition, the response time was improved and chattering phenomena 1 Matlab, Simulink. de 1994-2019, © The Math Works, Inc. was largely reduced, which helps to improve the quality of the generated power.
Robustness test
The purpose of this test is to examine the proposed controller performances and compare it with the conventional SM and SM fuzzy logic controllers. To reach this objective, the DFIG electric parameters were changed as follows. Fig. 15 presented the DFIG stator active power with a change of the rotor resistance r R by 200 % of its nominal value. The DFIG stator reactive behavior with an augmentation of the rotor resistance r R by 200 % of its nominal value as illustrated in Fig. 16 . Fig. 17 shown the DFIG stator active and reactive power with a variation of the stator resistance r R by 150 % of its nominal value. Consequently, it can be seen that the DFIG rotor parameter variations has no effects on the stator active and reactive power controlled by the proposed SM-H∞ controller, while a sluggish response time and a high reactive power peak was observed following the change of the active power value (at 1.5 s and 3 s) of the other two controllers (conventional SM and SM fuzzy logic).
As a results, the proposed SM-H∞ controller illustrated an excellent performances compared with the other two controllers even in the presence of DFIG rotor parameter variations. In addition, stability, robustness, and a perfect decoupling between the d q − control axes was ensured through maintaining of such control. Moreover, chattering phenomena was largely reduced when the proposed SM-H∞ controller used.
Conclusion
In this study, a robust Sliding Mode H∞ controller was developed to control the generated active and reactive power from the DFIG based on variable speed Wind Energy Conversion System (WECS). The proposed controller leads to improve the control performances of the control algorithm that are based on sliding mode techniques by reducing chattering phenomena under variable wind speed produced by the attractive control part and may lead to instability. The H∞ control method was used to define the attractive control part of the Sliding Mode control algorithm. The proposed control scheme was compared with the conventional Sliding Mode as well as the Sliding Mode fuzzy logic controllers. The obtain results illustrated the effectiveness of the proposed SM-H∞ controller even in the presence of time varying reference trajectory, speed changing, and DFIG parameter variations. In addition, chattering phenomena was largely reduced and response time was improved using the proposed SM-H∞ controller. Moreover, stability, robustness, and high decoupling between the control axes was ensured. Finally, the proposed control scheme suggested a good solution to improve the Sliding Mode control algorithm performances applied for power generation systems, which helps to ensure high quality of generated power.
